A primary motive for adopting the methodology Building Information Modeling (BIM) in planning 13 processes is to improve planning accuracy, cost security, and in turn quality. Up to now, however, a 14 generally applicable, standardized means of validating design quality has been lacking. To address this 15 shortcoming, this article presents 14 quality parameters in the domains of clash detection, semantics as 16 well as quantities and costs, that apply to the field of infrastructure planning. The sets of rules outlined 17 in the article are adaptable and extendable in order to respond flexibly to different model structures.
has defined a comprehensive BIM implementation strategy covering both, stations as well as status to the other, i.e. from Work in progress to Shared or from Shared to Published. As part of the 80 current best practice of BIM project execution, basic model quality checking is implemented already 81 today, mainly in the context of model coordination and data handover to the client. However, the tests 82 applied are limited to basic clash detection and simple checks for the provision of the attributes 83 demanded by the client. Executing only these basic checks does not exploit the full potential of 84 automated quality assurance that becomes available when using comprehensive geometric-semantic 85 models of infrastructure assets. For example, there is currently no best practice for implementing high-86 level consistency checks of 4D (geometry + time) and 5D (geometry + time + costs) models. The lack 87 of quality checking can result in severe errors with significant impact on project costs and project 88 duration. This paper addresses this issue by providing an in-depth analysis of quality analysis in railway 89 BIM projects. It presents comprehensive methods with which 3D, 4D, and 5D models can be 90 systematically examined for possible errors.
91 92 The quality assurance mechanisms currently used for BIM infrastructure projects are generally limited 93 to attribute checks and clash-detection. During clash detection, the model is often checked against itself, 94 which can lead to the detection of numerous but insignificant clashes that are not the product of planning 95 errors but can be attributed to inaccuracies in the respective software for infrastructure planning on the 96 German market, which sometimes fail to automatically output entirely clash-free objects.
97 98 The fact that the BIM model created is not computer-tested completely represents a break in the digital 99 chain of infrastructure planning. Errors in 3D models inevitably lead to errors in scheduling 100 (construction sequence) and in the calculation of quantities and costs. The overall objective of 101 "increasing planning accuracy and cost reliability", as outlined in the staged implementation plan, 102 implies a need to improve the quality of planning processes. "High quality results and efficient workflow 103 in the construction phase can only be achieved if the data basis is accurate" [10] . To achieve this, a 104 quality assurance system tailored to model-based working processes is necessary.
105
Various software products are already available on the market to carry out corresponding quality checks.
106
Examples are Navisworks Manage, Solibri Model Checker and Desite MD Pro [11] [12] [13] . information-rich model-based working method requires standardized input data is, however, hard to 112 reconcile with the often intuitive and rather unstructured planning process in early planning phases [15] .
113
To exploit the potential of model-based working methods, it is therefore necessary to develop automated, 114 standardized procedures for quality control.
115
Various approaches to digitally evaluating the quality of planning and models have been discussed in 116 current research. Solihin (2) Rules that require simple derived attribute values 177
(3) Rules that require extended data structure 178
(4) Rules that require a "proof of solution"
179
In this paper, rule types 1 and 2 are considered in more detail. for IFC exchanges but also for the quality for modeled infrastructure designs.
228
A 3D model must be considered in terms of its basic components of geometry and semantics. The 229 geometry in turn comprises that of the construction itself and the resulting clashes when several objects 230 are superimposed.
231
Most of the software products used for infrastructure planning offer a drawing-oriented view -split into 232 site plan, cross-section and elevation -although these are stored internally as a three-dimensional model 233 in the program. This type of model is referred to as implicit geometry description, since the parameters 234 for creating the objects are saved, not the volume objects and their coordinates. The volumetric models 235 are then generated from these parameters. As such, one should distinguish between volumetric 3D 236 models that are the result of planning and the implicit models (2.5D models) used at the time of planning 237 (see Figure 4 ). With implicit models, the governing design parameters become significantly more 238 accessible than with explicit models. An example is the objects and parameters defining alignment.
239
Accordingly, checking these parameters against codes and guidelines is more easily realizable with 240 implicit models. The quality of the 4D model, which comprises the 3D model, semantics and a schedule, is influenced 249 by the "collisions" and "semantics" domains as well as by "construction process". While the quality of 250 the 5D model is largely informed by the domains "semantics" and "quantities and costs".
251
The "construction" domain as well as the examination of a 4D model for "safety" will be dealt with in 252 a subsequent step of the research project and will not be elaborated on in this paper. In the "semantics", 253 "construction sequence" and "quantities and costs" domains only volumetric models are considered.
254
To evaluate the model quality, it is necessary to establish a generally applicable evaluation scheme. This 255 is referred to as Quality level.
257
The following sections explain the checking methods for the individual domains in more detail. In all 258 the test methods, the aim is to minimize the work involved in preparing, carrying out and evaluating the 259 results in order to achieve a time-and resource-efficient working method. 
Domain clashes
273 Clashes can occur in particular when merging different specialist models and thus plans from different 274 specialist planners. There are several software products available, which offer good support for the 275 automatic detection of such clashes. The BIM Center distinguishes between the following types of 276 clashes [37] , which are also considered in our concept.
277
-Hard Clash (HC) ≙ two or more objects overlap each other
278
-Soft Clash (SC) ≙ two or more objects come too close to each other, i.e. do not adhere to 279 minimum distances between them
The software products for infrastructure planning currently available on the market have only limited 282 ability to correlate different geometries with one another, producing clashes that do not exist in reality. clash detection errors can be avoided by explicitly specifying the objects that need to be checked for 292 clashes. However, this entails both more preparatory work before undertaking the check and also 293 introduces the risk of forgetting to include all the necessary checks. This approach is also not terribly 294 efficient, since the process has to be repeated for each model.
295
The more common method of testing the model completely against itself for collisions is fairly quick, 296 as no significant preparation is necessary, but requires a means of reducing the effort of evaluating the 297 large number of clashes resulting from program-related modeling errors to a minimum. This can be 298 partially automated with the help of a clash matrix that indicates the significance of collisions (see Table   299 1). The clash matrix comes into play once clash detection has been undertaken using the model checker.
301

304
Objects that clash are then checked against the matrix for permissible clashes and classified where 305 appropriate as irrelevant. This therefore reduces the evaluation work necessary in the post-processing.
306
An example is shown in Section 4.2.3.
307
The fact that the clash matrix can be updated and used across models also means this method is more 308 efficient and sustainable. If necessary, it is also possible to define irrelevant clashes at group or 309 specification level or across levels. The evaluation result is written to the results database, and the results 310 can also be imported back into the model checker's clash detection. 311
4D clash detection
312
With 3D clash detection, a model can only be checked at a fixed point in time. However, it is also 313 relevant to consider the construction sequence in clash detection. This is particularly important for 314 objects that do not exist at the beginning or at the end of the project phase, for example temporary 315 constructions such as supporting scaffolds or shoring systems. In the literature, there is little evidence 316 of approaches to this aspect.
317
For this, it is necessary to identify the status of individual objects of the 3D model over the course of 318 the construction process. The following categories are relevant here (see Table 2 ):
319 Table 2 : Categories during construction process
Category Description
Existing Objects that already exist at the beginning of the process
Deconstruction
Existing objects that will be dismantled and removed over time
New Construction
Objects that will be constructed over time
Temporary Construction
Objects that are erected at a time x and dismantled at a time y 
340
The clash detection analysis, its evaluation and the recording of the results in the database is carried out 341 as described in Section 4.2.1.
342
Since with this method, the dynamic process of the construction site is reduced to individual points in 343 time, the situation can arise where two processes take place simultaneously but are checked one after 344 the other. This can lead to problems, in particular when an object that is deconstructed and removed in 345 one of the two processes clashes with the objects from the second process. In certain circumstances, 346 these clashes may not be recognized correctly. In such cases, the granularity of the 3D objects, processes 347 and schedule times has a key impact on the result. 376 The following checks outline means of verifying the coherence and correctness of the semantic model. working method presents a major advantage in that this information is linked digitally and logically 411 through the 3D model via properties to the corresponding information in the time schedule (4D) and the 412 quantity and cost calculation (5D). The linking of different information sources or specialist models is models from planning and project management in a single information resource and to map their benefits of 4D and 5D models are discussed by Fischer et al. [45, 46] .
419
The method of linking different sources of information is also called nD modeling and "is not limited 
438
In the following, the procedure in principle is explained, although the process is identical for 4D and 439 5D models. In principle, the following situations must be distinguished in the evaluation and assessment 440 (see also 
455
As with attribute checking, all objects are checked according to the project specifications (Section 4.3.1) 456 against the same status messages. To filter the objects to be checked, all suitable checking rules that 457 match a given criterion, e.g. object type, are determined and the check is carried out. In situation 2, this 458 can mean that some objects within a filter may evaluate both positively and negatively. To correct this, 459 a post-processing routine is necessary that checks whether objects in the negative check results also 460 evaluated positively with the same filter number in the same attribute, and in such cases removes the 461 object from the negative result set to ensure that the check results are evaluated correctly.
462
In addition, it can also be useful to create the same formal filter with the same properties but different 463 filter numbers (situation 3), even if the same object types are queried. In this situation, the post-464 processing routine described above is not sufficient as it only searches for positive results with the same 465 filter number. A second post-processing routine therefore queries the model structure described in 466 Section 4.1 and checks whether the attribute value is a valid alternative value at the various levels. If it 467 is found to be a valid alternative, the apparent error check is corrected. The procedure explained below uses the example of a bill of quantity, but the process is identical for 497 filter to the construction schedule.
498
To check the several filters in a link model, the linking criteria are first read and stored in a table. In 499 certain cases, the same filter can be used for several service items (situation 2), usually when similar 500 object types are specified in different service items. One example might be the posts of a noise barrier: 501 depending on the structural calculations, different post profiles may be used for a noise barrier, e.g. HE-their semantic logic follows the same structure with the exception of the property value for the profile 504 series. (here object type) is used for comparison in the course of property checking. Since both bored and 509 driven-pipe piles match the "Foundation" object type, a driven-pipe pile will also be selected for 510 checking when comparing against the rules for bored piles. In addition to the two logic checks mentioned above, one must also verify that the dimensions given for 550 a 3D object are also correctly modeled. In research, this principle is described as semantic-geometric 551 coherence and is sometimes used in 3D city models in combination with CityGML. "In the context of 552 geodata, spatial-semantic consistency [...] describes the consistent relationship between spatial and 553 semantic information" [48]. Daum and Borrmann extend the method to IFC models using the query 554 language QL4BIM [10] . In the concept presented here, it is possible to link the rules database with the 555 model structure and to store specific geometric properties at object or specification level. The value of 556 these checks lies in detecting differences in the data in the geometric and semantic models. "High quality 557 results and efficient workflow in the construction phase can only be achieved if the data basis is 558 accurate" [10] . Correcting inconsistencies at this stage avoids errors further down the line, for example 559 in the 5D modelling.
561
In the logic tests presented, a tolerance value in percent can also be specified in order to allow minor 562 deviations between the comparison values. This tolerance value can also be used to map the different 563 accuracy requirements within the individual work phases. 564
Case examples -Logic checks
565
To test for semantic-geometric coherence, it is possible to store specific geometric properties at an 566 object or specification level linked to the model structure described in chapter 4.1. The oriented 567 bounding box is used to compare geometric data against the respective checking rules. This can be 568 determined by the model checker to differing degrees of accuracy and indicates the maximum 569 dimensions of a 3D object (see Figure 11 ). The resulting degree of accuracy has implications for both 570 the measurement results as well as the quality inspection. In Desite MD, for example, calculation 571 accuracy is specified as a numerical precision with a standard value of 0.01. This means that the 572 bounding box in all three coordinate directions is determined precisely to the second decimal place. To counteract any resulting inaccuracy, a tolerance value in percent can be stored in the database for 579 the comparison test. For the tests performed on the wall and base elements of the aforementioned noise 580 barrier, a permissible tolerance of 1.00% was set. The geometric property of the wall element and base 581 thickness (d_req =0.12 m), which is defined by the bounding box as "cpOOBBWidth", did not test 582 positively to a numerical accuracy of 0.01 (bounding box calculation) and a permissible tolerance of 583 1.00% (n=1699). The deviations determined ranged from 1.0 to 19.5%. The measurement results of 584 these objects are shown in Diagram 1.
585
In this case, the numerical accuracy for calculating the bounding box must be set to at least 0.001 in 586 order to pass the control test with a tolerance of 1.00 %. Otherwise, the measurement results cannot be 587 used as a quality criterion because system inaccuracies impact negatively on the apparent quality of the 588 model. are not permissible in such combinations but here make it possible to generate objects that are as twisted 641 as possible in order to verify the measurement method. The parameters of the alignment for the test case 642 are given in Table 3 . 
690
The minimum and maximum deviations of the negatively tested objects per test case are shown in Table   691 4. As expected, the greatest deviations occur at a calculation interval of 20 m: in combination with a 692 high longitudinal inclination, the maximum deviation increases to 5.0%. This applies particularly to the 693 objects in the transition curve, where the twist is greatest. 694 695 In addition, it is noticeable that the minimum values lie in the range of -0.04 to 0.1%. The minimum 701 values shown at 0.00% only deviate in the third decimal place. A total of 3,304 objects were checked. of the objects with respect to rail height. compared with the expected model structure (see Figure 5 for an example).
708
Deviations or erroneous results indicate either that the digital model structure in the database is 709 incomplete or that the expected value has actually been violated. This makes it possible to detect 710 inconsistencies in the semantic model and in turn to avoid evaluation errors. In the context of ensuring a continuous digital chain for model-based construction planning, it is 718 necessary to develop a checking mechanism for validating the quantities determined. A 5D model is 719 created from the building blocks "3D model", "link model", "quantity formula", and "unit" and these 720 must therefore also be considered in any verification procedure. In a first step, those service items in 721 the specification that have a link to 3D objects are determined. The quantity recorded and the unit of 722 measure is likewise retrieved for each item. The connected database contains rules for the individual 723 units of measure, which reference the independently determined properties of the evaluation software.
724
A tolerance value in percent can be specified in the rule definition, which is taken into account during 725 the check.
726
Where evaluation programs allow the flexible input of mathematical functions using factors/quotients 727 or similar when creating 5D models, these too must be validated and taken into account when checking 728 the quantities.
729
In cases where the same unit is used -for example the square meter is universally used to denote areas 730 -it is currently not possible to automatically recognize which area is concerned. It could be the footprint, 731 the elevation surface or the entire surface of the tested object, each of which has a different absolute 732 value. In the database, all surface attributes are defined as rules, which entails several test runs and 733 therefore produces more erroneous results. A post-processing routine can, however, determine whether 734 a service item unit that was flagged as incorrect was identified as being correct for another attribute or 735 area value. The error code of the "wrong" area value is then automatically adjusted. In addition to checking the model-based quantity determination, it is necessary to validate the unit prices 738 for each service item. An object can, however, have multiple different unit prices depending on the unit.
739
It must therefore be possible to define separate cost calculation rules specific to the object and to the level shown in Figure 5 , the objects must nevertheless be costed at specification level as part of the In the object database as described in chapter 4.1, the standardized geometric dimensions of the elements 805 of a noise barrier as well as of rails and sleepers were stored and checked for consistency in the model.
806
According to the building logic, a distinction must be made between testing at object level and testing tested. In 15.81% of the tests, the expected value was not met, which is sufficient for a quality level 814 of D.
815 816
The 3D model was also subjected to a collision check. First, the static model was examined: 103,528 817 collisions were detected. In order to filter out irrelevant collisions, the collision matrix described in 818 Chapter 4.2.1 was extended and the results of the collision check re-verified. 64,997 of the collisions 819 could be classified as irrelevant, so that the remaining error rate was 37.22%. The model therefore 820 achieved quality level E in the "3D collision" check. In addition, the time schedule was also included 821 in the collision check, taking the time dependencies into account. A total of 31,501 collisions were 822 detected in the 4D collision check. After evaluating and discounting the irrelevant collisions, 92 % 823 (absolute 28,935) remained, corresponding to a quality level of F. In total 28,633 clashes were identified 824 between rails and sleepers, which follows from sleepers modeled in wrong height.
826
The validation process made it possible to evaluate and identify inconsistencies within the BIM model.
827
The results helped to improve the subsequent processing of the model and have had a lasting positive 828 influence on the quality of the model. 829 830 7 Conclusion 831 The application of the BIM method aims to make the entire process of a construction project more 832 efficient. Initial studies have confirmed that BIM has a positive influence on the course of a project in 833 terms of costs, time, communication, coordination, and quality. With the help of the BIM method, errors 834 and their sources can be detected better and earlier. However, new error sources can arise in the process, 835 which can have an impact on the model quality and in turn on all subsequent processes. This paper has 836 presented a method with which 3D, 4D, and 5D models can be systematically examined for possible 837 errors. This method was explored in the context of model-based rail infrastructure planning.
838
An overall quality assurance concept has been developed drawing on current best practice. A total of 839 14 quality parameters were developed for the three domains of "clash detection", "semantics", and 840 "quantities and costs", each of which were examined in more detail. Infrastructure planning, and model 841 creation in infrastructure planning in particular, exhibit some special characteristics -as shown by the 842 example of rail objects that are dynamically defined by route alignment -which were considered in the 843 investigation. Finally, an evaluation metric was presented which allows model quality to be measured 844 based on previously defined threshold values for the individual criteria. The quality assurance concept 845 was applied on a large-scale infrastructure project. Depending on the selected quality parameter the 846 quality of a model can vary considerably. infrastructure planning. A further benefit of model-based design is the possibility to carry out 853 simulations. In practice, the focus here is usually on simulating the construction sequence. The aspects 854 of safety checks and simulations will therefore also be a focus of future research activities. 
